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We propose the jet charge observable as a novel probe of flavor structure in the nucleon spin
program at the Electron Ion Collider (EIC). We show that jet charge measurements can substan-
tially enhance the sensitivity of spin asymmetries to different partonic flavors in the nucleon. This
sensitivity can be further improved by constructing the jet charge using only a subset of hadron
species (pions or kaons) in the jet. As an example, we use the Sivers asymmetry in back-to-back
electron-jet production at the EIC to show that the jet charge can be a unique tool in constraining
the Sivers function for different partonic flavors.
Introduction. The femtoscale structure of the nucleon
is a central mission of current experimental programs at
accelerator facilities such as the Relativistic Heavy Ion
Collider (RHIC) at Brookhaven National Lab, 12 GeV
CEBAF at Jefferson Lab, COMPASS at CERN, and
HERMES at DESY. It is also one of the major scientific
pillars of the future Electron Ion Collider (EIC) [1, 2].
In particular, the flavor and spin structure of the nu-
cleon in terms of both one dimensional (1D) and three-
dimensional (3D) imaging provides fascinating glimpses
into the highly nontrivial non-perturbative QCD dynam-
ics.
One of the major available tools to effectively decon-
volute the experimental information on the flavor and
spin structure of the nucleon as encoded in unpolarized
and polarized parton distribution functions (PDFs) and
their extensions such as transverse momentum distribu-
tions (TMDs), is the “global QCD analysis”. It treats
all available probes/processes simultaneously to extract
the set of universal PDFs. For example, for the polar-
ized PDFs, one relies on polarized inclusive deep inelastic
scattering (DIS), semi-inclusive DIS (SIDIS), and proton-
proton collisions [3]. In general, fully inclusive DIS data
is difficult to disentangle different quark flavors, unless
one uses different targets such as the proton, deuteron,
and 3He [4, 5]. In this regard, the SIDIS process is cru-
cial: it uses the detection of charged pions or kaons in
the final state as a flavor tag of the initial-state PDFs,
provided the fragmentation functions are well known [6].
In recent years, measurements at RHIC and LHC
demonstrate that jets can be a useful probe for the spin
structure of the nucleon [7–9]. The advent of the ElC
with its high luminosity and polarized beams will unlock
the full potential of jets as novel tools for probing nucleon
structure. It is thus not a surprise that jet physics at the
EIC has become a fast emerging field of research [10–18].
While a lot of progress has been made in jet physics at the
EIC, flavor separation in jet production and the associ-
ated spin asymmetries presents a major challenge and has
not been addressed in the literature. As collimated spray
of hadrons, jet observables are typically inclusive over the
final-state hadrons within the jet. As a consequence, al-
though jets are better proxies of parton-level dynamics,
they typically lack flavor tagging, as used extensively in
traditional SIDIS observables. However, it is well-known
that flavor separation is essential in mapping out the fla-
vor and spin structure of the nucleon at the EIC. Within
this context, there has now been some recent work on jet
fragmentation functions, see Refs. [16, 19], where mea-
suring the distribution of hadrons inside jets allows for
some amount of flavor separation.
In this paper, we propose utilizing the jet charge ob-
servable [20] as a novel flavor prism for jet observables
at the EIC, especially for spin asymmetries in jet pro-
duction. Jet charge has been studied extensively at the
LHC [21–25], and similar directions at the RHIC are be-
ing currently explored [26, 27]. We develop a theoretical
framework which allows us to distinguish flavor in spin
asymmetries, enabling jet production processes to reach
their full potential in probing the flavor and spin struc-
ture of the nucleon. As a concrete example, we demon-
strate for the first time the use of the jet charge observ-
able to provide enhanced u- and d-quark flavor sensitiv-
ity for both the unpolarized quark TMDs and the polar-
ized Sivers TMD functions using back-to-back electron-
jet production at the EIC. The unpolarized TMDs are
essential for the 3D imaging of the nucleon in momentum
space and the Sivers TMD functions, in addition, encode
quantum correlations between the motion of partons and
the spin of the proton.
Jet charge. The standard jet electric charge is con-
structed from the definition [28, 29]
Qiκ =
∑
h
Qhκ ≡
∑
h∈jet
zκhQh , (1)
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2where a parton of species i initiates the jet and κ is a
parameter that is part of the definition. The fraction of
the jet transverse momentum carried by hadron h with
electric charge Qh (in units of the positron charge e) is
denoted by zh = p
h
T /pT , where p
h
T and pT denote the
transverse momenta of the hadron and the jet, respec-
tively. Note that the definition of Qiκ allows for the op-
tion of defining the jet charge by restricting the sum over
hadrons h in the jet to include only particular species.
For instance, one could restrict the sum to include only
the charged pions or kaons. This flexibility can be ex-
ploited for additional flavor separation.
Unpolarized TMDs. We first consider the unpolarized
electron-proton scattering process, e+p→ e+jet+X. In
order to access TMD dynamics, we consider the back-to-
back region where the electron-jet transverse momentum
imbalance is small. The contribution to the cross sec-
tion from the i-th parton in the proton is given by the
factorization formula [10–12]
dσiUU
dyed2peTd
2qT
= σ0 e
2
i
∫
d2bT
(2pi)2
eiqT ·bT W˜i , (2)
where ye and ~p
e
T denote the lepton rapidity and trans-
verse momentum, respectively, and qT is the jet-lepton
transverse momentum imbalance with |~qT | = |~p eT +~pT | 
p eT ∼ pT of the jet. The spin-averaged structure function
W˜i for parton i has the factorized form
W˜i = f˜i(x, bT , µ)SJ(bT , R, µ)H(Q,µ)Ji(pTR,µ) , (3)
where Q2 is the invariant mass of the virtual photon,
and detailed definitions of the various objects appearing
above can be found in [10–12]. Ji(pTR,µ) is the universal
jet function that describes the dynamics of the jet initi-
ated by the struck parton of flavor i [30–32]. f˜i(x, bT , µ)
is the Fourier transform of the unpolarized TMD function
fi(x, kT , µ), that gives the distribution in the longitudi-
nal momentum fraction x and the transverse momentum
kT of the parton i in the proton [33].
The measured cross section includes a sum over all
partonic channels so that dσUU =
∑
i dσ
i
UU . Thus, it is
sensitive only to a specific flavor combination of TMDs.
However, by making an additional measurement of the
jet charge and grouping the data into jet charge bins,
one can enhance or suppress sensitivity to TMDs of dif-
ferent flavors. The generalization of Eq. (2) in which
the jet charge is also measured is achieved by replacing
Ji(pTR,µ) with the function Gi(Qiκ, pTR,µ) [29] which
also includes the probability that the jet charge has the
value Qiκ. It is normalized as∫
dQiκ Gi(Qiκ, pTR,µ) = Ji(pTR,µ), (4)
so that integrating over all possible jet charge values gives
back the standard jet function.
Since the generalization of Eq. (2) to include a jet
charge measurement is achieved simply by the replace-
ment Ji → Gi, the renormalization scale independence
of the cross section implies that the renormalization
group evolution properties of Gi are exactly the same as
Ji [11, 34].
The universality of the jet function Ji implies that
it appears in the factorization formulae of different pro-
cesses such as exclusive Boson+1-jet production [34–38]
and threshold single inclusive jet production [39] in pp
collisions, and jet production in e+e− collisions [32]. This
universality also applies to the Gi function with these ob-
servables modified to include a jet charge measurement.
Since the jet charge in Eq. (1) is defined at the hadron
level, the jet charge distribution function Gi is sensitive to
the hadronization, giving rise to nonperturbative effects
that can be constrained through its universality.
For the analysis of the jet charge binned data it be-
comes useful to characterize each jet charge bin by the
value of its jet charge moment. The N -th moment of the
jet charge in a particular jet charge bin is given by
〈(Qiκ)N 〉bin =
∫
Qiκ-bin
dQJ Q
N
J
Gi(QJ , pTR,µ)
Ji(pTR,µ) . (5)
If we restrict the jet charge to lie in a particular jet charge
bin, with the N -th moment of the jet charge 〈(Qiκ)N 〉bin
for jets initiated by parton i, the corresponding factor-
ization formula for the total cross section is given by
dσUU (Q
N
κ,bin)
dyed2peTd
2qT
=
∑
i=u,d···
〈(Qiκ)N 〉bin
dσiUU
dyed2peTd
2qT
, (6)
which immediately follows from a comparison of Eqs. (2-
5). This is a key result that allows for flavor separation of
the TMDs through an appropriate selection of jet charge
bins that can enhance or suppress the contribution of the
i-th parton flavor depending on the value of 〈(Qiκ)N 〉bin,
relative to that of other parton flavors.
Note that the universality of Gi and Ji make the
moments 〈(Qiκ)N 〉bin process independent, allowing for
their extraction from a global analysis that makes use of
binned jet charge measurements in the electron-proton
scattering, pp collisions, and e+e− annihilation pro-
cesses with appropriate kinematic cuts. Furthermore, the
binned jet charge moments 〈(Qiκ)N 〉bin are µ-independent
due to a cancellation of the scale dependence between Ji
and Gi in Eq. (5).
The jet charge moments do however have a mild de-
pendence on pTR via loop suppressed effects [29]. This
loop suppression can be understood by noting that at
tree-level the jet consists of single parton evolving into
hadrons. The pTR dependence first arises at the next-
to-leading order through a perturbative splitting within
the jet before hadronization. We have checked this be-
havior via Pythia8 [40] simulations over a wide range of
3pTR for κ = 0.3. This property can allow for the extrac-
tion of the jet charge moments from jet observables over
a wide range of kinematics.
In addition, as expected from Eqs. (4) and (5), the
zeroth and first moments have to satisfy the sum rules∑
bins
〈(Qiκ)0〉bin = 1,
∑
bins
〈Qiκ〉bin = 〈Qiκ〉 , (7)
corresponding to the fact that the sum over all jet charge
bin fractions is unity and the sum over all binned aver-
age jet charges is the average jet charge over all bins.
These sum rules provide additional constraints that can
be used in a global analysis of the binned jet charge mo-
ments. The average jet charge over all bins can be re-
lated [28, 29] to the hadron fragmentation functions as
〈Qiκ〉 =
∑
hQhJij(κ)Dhj (κ), where Dhj (κ) and Jij(κ) are
the κ-th moments of the j → h fragmentation function
Dhj (z) and the perturbatively calculable matching coef-
ficient that describes the i → j parton splitting inside
the jet, respectively. At lowest order, the matching coef-
ficient takes the form Jij(κ) = δij +O (αs (pJ,TR)).
The jet charge moments of different species will also
be related by QCD flavor and charge conjugation sym-
metries, further reducing the number of fit parameters.
Furthermore, as seen in Eq. (6), the jet charge moments
〈(Qiκ)N 〉bin only affect the relative size of each partonic
contribution and not the shapes of their kinematic dis-
tributions.
All of these features facilitate the extraction of the
jet charge moments through a global analysis. In fact,
measurements of the jet charge distribution has already
been carried out in both pp and PbPb collisions at the
LHC [21, 22, 25].
Single Spin Asymmetry. One can generalize the fac-
torization to the process e + p(S⊥) → e + jet + X
where the proton is transversely polarized with spin vec-
tor ~S⊥. In this case, the cross section takes the form
dσ(S⊥) = dσUU + dσUT (S⊥), where the additional spin-
dependent contribution dσUT depends on the Sivers func-
tion [41]. The cross section for the partonic channel i is
given by [10–12]
dσiUT (S⊥)
dyed2peTd
2qT
= e2i σ0 αβS
α
⊥
∫
d2bT
(2pi)2
eiqT ·bT W˜ βT,i , (8)
where the spin-dependent structure function W˜T,i takes
the factorized form
W˜ βT,i = f˜
⊥,β
1T,i(x, bT , µ)SJ(bT , R, µ)H(Q,µ)Ji(pTR,µ) ,
where f˜⊥,β1T,i(x, bT , µ) is the Fourier transform of the Sivers
function [10–12]. The Sivers function can be directly ac-
cessed via the single spin asymmetry
AUT =
dσ(S↑⊥)− dσ(S↓⊥)
dσ(S↑⊥) + dσ(S
↓
⊥)
=
d∆σUT
dσUU
, (9)
where d∆σUT = [ dσUT (S
↑
⊥) − dσUT (S↓⊥) ]/2. Following
the same steps used to arrive at Eq. (6) for the unpolar-
ized case, the single spin asymmetry in a particular jet
charge bin, AbinUT , is given by
AbinUT =
∑
i=u,d,···
〈(Qiκ)N 〉bin AiUT , (10)
where AiUT = d∆σ
i
UT /dσUU is the contribution of the
parton of flavor i to AUT . Similar to Eq. (6), this is
another key result that allows for flavor separation of the
Sivers function. Note that the moments 〈(Qiκ)N 〉bin that
appear here are the same as the ones in Eq. (6).
The dominant contribution to AUT is known to come
from the u-quark channel [11, 42] because of the enhance-
ment from the charge e2u, resulting in sensitivity primarily
to the u-quark Sivers function. However, using Eq. (10),
AbinUT can be used to enhance sensitivity to the Sivers func-
tions of the other quark flavors through an appropriate
selection of jet charge bins.
Phenomenology. We present numerical results to
demonstrate the implications of the key results in Eqs. (6)
and (10). We work in electron-proton center-of-mass
(CM) frame with CM energy
√
s = 105 GeV. We apply
event selection cuts of Q2 ≥ 10 GeV2, 0.1 ≤ y ≤ 0.9,
and 15 GeV ≤ peT ≤ 20 GeV, qT ≤ 2.5 GeV, and
10 GeV ≤ pT ≤ 25 GeV, where y denotes the inelasticity.
Jets are constructed using anti-kT jet algorithm [43] with
radius parameter R = 1. For the back-to-back electron-
jet production, the gluon TMD does not contribute so
that the quark TMDs can be probed cleanly.
We first present results for the unpolarized case. For
calibration purposes, we check the consistency between
Pythia8 simulations and the theoretical predictions. The
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FIG. 1: The contribution of the u-quark TMD to the
qT -distribution.
4u u¯ d d¯ s s¯
r+i 0.52 0.17 0.15 0.53 0.30 0.34
r−i 0.15 0.49 0.52 0.15 0.36 0.32
r0i 0.33 0.35 0.33 0.32 0.35 0.34
TABLE I: The jet charge bin fractions r±,0i for various
quark flavors, obtained from Pythia8 simulations.
upper panel in Fig. 1 shows a comparison of the qT -
distribution between Pythia simulations and the predic-
tion of Eq. (2), where only the u-quark contribution is
included.
Eq. (2) is evaluated at the next-to-leading logarithmic
level of accuracy, with all functions in the factorization
formula evaluated at O(αs), and with non-global loga-
rithms included [10–12, 38, 44]. We parameterize the
u-quark TMD function following Ref. [11]. In Fig. 1, we
see good agreement between the simulation and theory
for the normalized qT -distribution.
Next we turn to qT -distribution in different jet charge
bins. The jet charges are constructed using Eq. (1) with
κ = 0.3 and only including charged pions in the sum
over hadrons. Thus, if a jet contains no charged pions
its charge vanishes. We denote the jet charge by QJ and
divide the data into three jet charge bins. The negative
(“−”) bin with QJ ≤ −0.25, the neutral bin (“0”) with
|QJ | < 0.25, and the positive bin (“+”) with QJ ≥ 0.25.
The lower panel of Fig. 1 shows the jet charge bin frac-
tions r±,0u ≡ 〈(Quκ)0〉±,0 for the u-quark jets as a function
of qT . These bin fractions were determined from Pythia
simulations and are found to be independent of qT . This
agrees with the universality as expected from our factor-
ization theorem. In Tab. I, we summarize the r±,0i val-
ues, including other quark flavors. We find that ru ≈ rd¯,
rd ≈ ru¯ and rs ≈ 1 − rs¯ as expected from the QCD fla-
vor and charge conjugation symmetries and the fact that
only charged pions were included in constructing the jet
charge. A jet charge based only on charged kaons can
increase the negative charge bin fractions of the s-quarks
by a factor of O(5) with respect to the u(d)-quark frac-
tion, allowing for better sensitivity to the strange quark
TMD and Sivers functions.
The values in Tab. I are used as inputs in the rest
of the analysis to make theoretical predictions for the
relative size of contributions from different quark flavors
to the qT -distribution in each jet charge bin. In practice,
the bin fractions r±,0i for each parton flavor could be
obtained with a fit of the the cross section in Eq. (6) to
the qT spectrum in each charge bin, and used as inputs
for theoretical predictions of the AbinUT in Eq. (10).
From the first and third columns in Tab. I, in the neg-
ative bin the size of the u-quark contribution will be sig-
nificantly reduced and the relative d-quark contribution
will be enhanced, compared to the neutral and positive
0.
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FIG. 2: The relative size of contributions from the
unpolarized u-, d-, and sea quark TMDs to the
qT -distribution, in QJ ≥ 0.25 (top) and QJ ≤ −0.25
(bottom) charge bins.
bins. This can be seen in Fig. 2, where for QJ ≥ 0.25 (up-
per panel), the d-quark and the sea quark contributions
are highly suppressed and the u-quark contribution dom-
inates the bulk of the distribution. On the other hand,
for QJ ≤ −0.25 (bottom panel) the u-quark contribution
is now suppressed and the d- and sea quark contribu-
tions are relatively enhanced and more readily accessible
in experiment.
Next we investigate the single spin asymmetry. Fig. 3
shows a comparison of the theoretical predictions for the
standard asymmetry AUT with the binned asymmetries
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FIG. 3: Theoretical predictions for the Sivers
asymmetry in different jet charge bins.
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FIG. 4: Sensitivities of the u- and d-quark channels to
the standard Sivers asymmetry (top) and the Sivers
asymmetry in the QJ ≤ −0.25 bin (bottom).
AbinUT given in Eq. (10). The predictions can be compared
with the future measurements. For the theoretical pre-
dictions of AbinUT in Fig. 3, bin fractions from Tab. I are
used and the Sivers functions are parameterized following
Ref. [45], except that we ignore the strange quark Sivers
functions in light of recent global analysis which shows
the very small size of their contributions [46]. Neverthe-
less, we note once again, for a jet charge based only the
charged kaons in the jet, an appropriate choice of the
jet charge bin can make AbinUT sensitive to the s(s¯)-Sivers
functions.
From Fig. 3, we see that AUT is positive and large
for QJ ≥ 0.25 which is due to the dominant u-quark
Sivers function which gives a positive contribution, while
the other channels are highly suppressed. On the other
hand, in the QJ ≤ −0.25 bin, the u-quark contribution
is substantially reduced and comparable to the size of
the d-quark contribution. Thus, the cancellation between
the u- and d-quark Sivers functions leads to the a small
spin asymmetry for QJ ≤ −0.25. For the |QJ | < 0.25
bin, since the bin fractions are roughly the same for all
partonic channels, as seen in Tab. I, the spin asymme-
try is expected to be close to the standard AUT , as seen
in Fig. 3. Similar behavior is observed for the single
spin asymmetry in SIDIS when charged pions are mea-
sured [47]. In other words, the Sivers asymmetry by se-
lecting jet charge bins (QJ > 0.25 vs QJ < −0.25) plays
a similar role as the SIDIS process by detecting pions in
the final state (pi+ vs pi−).
Finally, we study the sensitivity of AUT and A
bin
UT to
different quark flavors. As seen in the top panel of Fig. 4,
the standard Sivers asymmetry is not sensitive to the d-
quark Sivers function, since the size of the asymmetry
AUT changes only slightly when one removes the d-quark
contribution (“w/o d-quark”). However, if one restricts
to the QJ ≤ −0.25 bin, removing the d-quark contribu-
tion leads to a significant change in the asymmetry AUT
as seen in the bottom panel of Fig. 4. This demonstrates
the dramatically enhanced sensitivity to the valence d-
quark contribution in AbinUT . Thus, a measurement of the
single spin asymmetry in the QJ ≤ −0.25 bin can im-
prove constraints on the d-quark Sivers function.
Conclusions. In this work, we propose the jet charge as
a unique flavor probe of polarized and unpolarized TMDs
at the EIC. As a concrete example, we study back-to-back
electron-jet production and we give predictions for the
small transverse momentum imbalance qT -distribution
and the Sivers asymmetry in different jet charge bins,
based on a factorization framework. In order to demon-
strate its power for flavor separation, we compare the
flavor sensitivities of the jet charge binned unpolarized
cross section and the Sivers spin asymmetries with their
standard counterparts at the EIC. We show that the jet
charge can be used to enhance the sensitivity to the un-
polarized TMDs and Sivers functions of different quark
species through an appropriate selection of the charge
bins. Furthermore, the flavor sensitivity can be improved
even more when specific subset of hadron species are used
to define the jet charge. We expect the ideas proposed
in this work to open new directions of exploration for
jet/spin physics at the future EIC.
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